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"\\\ SUMMARY
)

This final technical report describes the result of two programs concerned
with high power laser propagation through the atmosphere that are particularly
important to the Navy high energy laser program. The first study deals with
an experimental laboratory simulation of moving stagnation zones a problem
which can be quite serious for the Navy application. The second study is the 5
propagation and non-linear interaction of a high intensity laser with water
droplets or fog, again in a laboratory simulation experiment vnder realistic
conditions. The experimental results are given in terms of non-d’mensional \
parameters which can be interpreted in terms of real ocutside atmospheric
conditions., In additioun, the results are modeled by simplified analytic
expressions which should find wide use in systems analysis of Navy scenarios, _

PRI v AT e ARSI St

The stagnation zone, a region of the propagation path with no net motion
between the laser beam and the air can occur in a number of Navy scenarios.
It is particularly serious because in such a region the absorption of laser
beam energy causes more severe heating and thus stronger thermal b'--ming
than would result if there were relative motion, Under Navy sponscrship in
a program preceding this one, we studied the problem of a fixed stagnation
' zone, because of its simplicity and experimental tractability. We determined
that the initial distortion increased in severity but that the distortion (end
thus intensity on target) reached s quasi-steady state value. An analytic A
model was fourd which predicted quite accurately the experimental results. '
In more realistic situations, the stagnation zone is not stationary but
has an axial motion, due normally to changes in the laser beam slew rate.
The motion of the stagnation zone can influence the thermel distortion and B
the ii.fluence of stagnation zone motion is the subject of the present contract. f
: , Details oi the experiment and analytic modeling are contained in Section A.
i Basically what we found was, under realistic conditions, the thermal distor-
tion caused by a moving stagnation zone rollowed the quasi~steady state
distortion. Thus the transient behavior of the intensity on target is des-
cribed by the steady state solutions of the stationery zones which is modeled
analytically. Thus the potentially complicated problem is reduced to a more
simple form which can be handled analytically. One other aspect of this prob-
lem remains to be investigated and this is the effect of a noncoplanar
engagement geometry where the problem is no longer confined to a two dimensional
phase but includes a second component of slew due to a difference in altitude .
between the target and the laser source. !
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The second area of this final report discusses the results of the ex- .
perimental program to examine the interaction of high intensity laser radia- !
« tion with fog with particular emphasis on the non-linear thermal blooming |
% of the laser beam caused by the water droplet absorption. The program was
primarily experimental, utilizing an 8 kW CW CO, laser, a 1V meter long cell,
seeded with micron size water drops, and associated diagnostic equipment. i
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< At intensities of a kW/cm anc scaled Navy scenario conditions, it was found |

% that the laser interaction led to vaporization of the droplets. This vapor-

f ization had two positive effects. 1) it recduced the linear loss of laser beam

¢ . energy due to particl elimination of the fog and 2) the thermal distortion is

a significantly less than that predicted by the unperturbed conditions. (Previous ,

4 to this study thermal blooming predictions were based only on initial condi-
‘ . tions). The contribution of hydrosol absorption to thermal blooming was modeled :
E f by an analytic expression where the vaporization of particules acted as a :
' 3 saturable absorver. Insufficient data was obtained under the present funding

: to verify all nspects of the hydrosol induced@ blooming. The details of

: the experimental procedure and results are contained in Section B of this ﬁ

i report.
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CW THERMAL BLOOMING IN A MOVING STAGNATION ZONE
SECTION Al

INTRODUCTION 1

This report describes an experimental investigation of thermal blooming
occuring in stagnation zones, vclumes of medium in which there occurs no
net flow transverse to the laser axis, which move axially between the tar-
get and the laser, The study focusses first on the expansion of the data
base for laser beam intensity degradation by stationary stagnation zones
over a range of beam focussing ratios and attenuation and then uses this
data base for comparison with date taken with .moving stagnation zones,
This report is divided into five sections: Section II describes the apparatus
and scme of the experimental resuits, Section IIT reviews the theory used
for understanding the effect of a stagnation zone on laser beam propagetion
and proposes a modification on the earlier form of this theory, Section IV
presents the experimental results and Section V the conclusions, principally
that thermal blooming in a stagnation zone, stationary or moving, is charac-
terized by & single thermel blooming parameter with the temporal variation
of the cn-target intensity in the moving zone case being determined by the
time dependence of this parameter.
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SECTION AII
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EXPERIMENTAL APPARATUS AND INSTRUMENTION
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A. INTRODUCTION

The apparatus used in the experiments was described only in gensral terms
in Ref. 1 and several of its properties are treated in more detail in this

section.

B. APPARATUS KINEMATICS

The apparatus is shown schematically in Fig. Al. The absorption cell is ;
mounted on & plate which is driven by an electric motor-gearbox assrvioly at :
As shown, the top of the cell is free to rotate about tue pivot !

point at its base and is coupled to a second motor-gearbox assembly which
in turn is attached to the same plate un which the cell is mounted. This
second motor irives the top of the cell at a time varying speeq, il + ilt’

in direction opposite to x . are controlled is

speed X .

The way in which x, and 2‘

described in Ref. 1 as is %he way in which the speed of the celi top is *
monitored. For the situation shown in ¥ig. 1, the position y, of a stagna- -
tion zone center is given in terms of the cell length, L by(l‘ :

Yor (= Xo/ Xg) (14Rgt/%7". 'A-I1-1

C. LASER OPTICAL TRAIN

The optical train used for conditioning the laser beam in these experiments
is now described ir somewhat more detail than was done in Ref. 1, The laser
used in these experiments was a water cooled electric discharge CO_. laser
approximately two meters long equipped with a 10 m radius of curvagure totally
reflecting end mirror and a 65 percent reflecting germenjum flat decoupling
mirror. 2Zinc selenide or sodivm chlcride flats at Brewster's angle were used
intracavity to vacuum secl the laser discharge. To control the oscillation
mode of the laser, an adjustabie iris was positioned at the cutput window
and the iris diameter was decreased tou suppress oscillation at modes other than
TEM . Care had to te taken to avoid excesaive clcsure of this iris as it was,
tbuga that doing so apercured the gaussian shaped cutput intensily spetial t 1
distribution of the laser and resulted in Fresnel diffraction and spreading ;
of the output. The largest output pover used in the experiments performed ;
was 30 watts. Losses in the optical train were found to increase slightly with *
time so that, for 30 watts leser output, 18 watts were typically incident on

3
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the absorption cell in experiments performed early in the study, with this power
decreasing to 16 watts in the later experiments. An adjustable telescope, con-
sisting of two germanium lenses of +6.8 cm and +13 cm focal length, was used to
fccus the laser output onto the detector. These lenses are shown in Fig. Al

to be in the "beam expender" sequence with the shorter focal length lens
positioned first in the beam. With this configuration 4 value of about 4,5
could be attained for the degree of focus, F, defined as the ratio of beanm
diameter at the cell entrance to the diameter at the cell exit. With the
lenses interchanged, the value of F atteined was 1.2. The laser was turned

on and off in these experiments by withdrawing and inserting a knif~ edge
shutter at the beam waist in the telescope, the point were the beam diameter

is the smallest in the entire optical train. The time elapsed in withdrawiug
the knife edgs from the besm waist was determined by monitoring the laser power
at the detector, with the pivoting mirror stationary, as a function of time
while the knife edge was withdrawn. The turn-on time, defined as ihe time
elapsed for the detected signal to reach a fraction equal te (1-e™7) of its
fudl value, was measured to be 0.8 msec when the telescope was in the Yeam
expander mode, This "time" is of course determined by the speed of the knife
edge and the diemeter of the beam at the waist the latter being equal) to the
product of the focal length of the first telescope lens and the laser beam
divergence angle, Accordingly, the turn or time in the case where the longer
focal length lens is the first telescope lens is seen to be 1.6 msec. It is
important that the turn on time be small compared tu the time characteristic
for CW thermal blooming, defined as the time elapsed for the peak intensity

at the detactor to equal e = of its unperturted value, For the most extreme
experimental conditions encountered (16 W laser power, ten atmospheres CO., F =
4,8) the blooming time is calculated, from a formule given in the appendix, for
the apparatus to be a 8,8 msec and therefore large compared to the turn on time
s0 that the finite magnitude of the latter will not affect the experimental
results., At the lower, F = 1,2, focussing ratio, the blooming time is T5 msec,

and the same conclusion holds.

The focussing ratio, F, as will be seen, is of importance to the parameters
wvhich characterize thermal blooming severity. For a beam of gaussian spatial
intensity distribution the beam radius is defined as the displacement from beam

center at which the intensity is e ~ of its value at center, which in turn can
be expressed in te of the beam diameter, d* and the total beam power P by
the ratio P/(s/kd* ). Alternatsly, the value of a* is the diameter within vhich
a fraction equal to (l-¢ ~) of P is containel. The value of F is calculated by
first weasuring the value of d* at the exit of the telescope and at the detector

orto which the Lelescope focus the bear and using the relationsh: ;- wvhich expresses

the dependence cf 4% at distances z from the detsctor:

d'@dd* (0% + 22d" (L1282, A-II-2

T = - P,
E i s A R R T,

duo.” Pz e
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where L, the dist.nce from the detector to the telescope, is the focal length
of the latter.

The quantity d*(L) is obtained by installing an adjustable iris at the out- vi
put lens of the telescope and measuring P(d), the power at the detector when
the iris diametex,_ is 4. The relevant plot of this experimental data is ;
1n(1-P(d)/P) vs 4, and 4*(L) is the value of d for which the ordinate has a ol
velue of minus one. One such plot is shown in Fig. A2 from which it is seen
that the value of d*(L) is 1.1 cm. ~

The value of d*(0) is obtained using the pivoting mirror shown in Fig. Al 1
in conjunction with the detector, liquid Nitrogen cooled gold doped germanium '
equipped with a 0,02 cm pinhole aperture, which samples the beam intensity as
it is swept across the latter by the mirror. The mirror is mounted in a general
scanning G300PD motor driven by a Tektronix AF501 Band Pass Filter run as an ;
oscillator. The beam turned by the mirror follows an oscillatory path and is §
swveeped across the detector aperture at e speed, 2nv8 d, determined by the dis- .
placement of the aperture from the mirror, 4, the dschlator frequency, Vv, and
the maximum angular deflection of the mirror, 6 . The detector output,

DA et B b S e R S ~S ol Can fliat e Lol il ShBat ey RS ol o anlits

i
terminated by a 10KkQresistor (resulting RC ies%onse time is 1 psec) is ampli- ‘j
fied by a second AF501 Band Pass Filter and displayed on an oscilloscope. One f
such oscillogram is presented in Fig. A3. The value of d*(0) is given by the -
product of the sweep speed, 850 cm/sec, and the time interval for which the .

] measured intensity exceeds e =~ of its maximum value. For the sveep shown 3in

Fig. A3, the value of d*(GC) is seen to be 0,095 cm, five times larger than the
pinhole and which, when combined with d*(L) the positions of the entrance (12i cm)
| and exit (20 cm) windows in Eq. 2 (A-II-2) gives a value of L.,8 for the degree

of focus. i

Lt e e v b dan v

: D. GAS HANDLING

! One of the quantities to which thermal blooming is sensitive is the product
f of the linear attenuation coefficient, q, and &, the length of the range or,

ir laboratory experiments, the gas cell. Therefore, two different gas mixtures
were employed in the present experiments. For af values up to 0.2 a mixture
of nitrogen and propylene was used while for a value of 0.45, pure CO_ was
used. For either mixture the total gas pressure was ten atmospheres gbsolute
to minimize the role of conduction relative to(s?nvection in determining the
thermal blooming properties in the experiment.

AACIk St ikt ok 2o bl B e 14 ARt omlombis, b Tt

S RN TR e e

™ mav‘! .

E., DATA COLLECTION

In a stationary medium, the cffect of thermal blooming is to spread the b
laser pover symmetrically about the beam axis, but putting the medium in motion '
y causes the spreading to be symmetric only about the plane passing through the
beam axis and parallel to the medium velocity, with the maximum intensity in
this plane not always coinciding with the unperturbed beam axis. Since the
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quantity of interest in the present study was the behavior of this maximum
intensity, the data records consisted of sweeping the beam across the detector
aperture in the plane described above at a frequency of 166 Hz and observing
the variation of the maximum intensity in this plane with io' il and il for
various combinations of F, af, and P,

Figure .l presents the data records of two experimental runs. Each
record consists of two traces. The top trace in each case is the laser
detector output as a function of time, This output appears as a series of
spikes, each of which represents a sweep of the beam across the detector face
as described above. The bottom trace represents the output of a GE H13Bl
Photon Coupled Interrupter Module, essentially a compact light source and
_detector, vwhich measures the amount of light at a fixed point through the
photograph of a grid of alternating zones of high and low opacity. This grid,
as indicated in Fig. Al, is fixed to a point displaced T4 cm from the cell
pivot so that x is determined by noting the elapsed time between two mexima
in the bottom trace and combining this with the knowa distance, 0.055 cm
between opacity minima on the film and t}e knowledge of the position of the
film relative to the cell pivot. In Fig. Ala X 1is observed to be zero and
x, has a value of 5.4 cm/sec. n contrast, the %‘g. Alb indicates a value of
5.7 cm/sec for x, and 27 cm/sec” for X.. For both experiments x had a value
of —L4,0 cm/sec so that Fig. Ala represents thermal blooming in g stationary
stagnation zone situated at 75 cm above the entrance window and in Fig. Alb
the stagnation zone, situated initially 69 cm above the entrance, moves toward
the entrance window as given by Eq. A-IT-1, It is seen that the laser inten-
sity for thece two runs shows a different temporal development, becoming
constant 8t a relatively low value in Fig. Ala but passing through a minimum
and increasing markedly in Fig. Alb. The reasons for this temporal develop-
ment will be discussed in later sections.

Generally, the quantity of interest for comparison with analytic models ¢f
thermal blooming is ot the measured intensity but rather the intensity norma-
lized by that which .ould be incident to the detector in the absence of thermal
blooming or the intensity as indicated, for an empty cell, by the maximum in
the trace in Fig. A3 corrected only for the linear attenuation due to molecular
absorption, e . When at is small as in Fig. L, the thermal dlooming time is
large enough and the intensity of the bloomed beam large enough to permit both
the temporally varying intensity, I(t), and the normalizing intensity, I1(0) to

‘be read from the same oscillogram, For larger af values it was found that 1(0)

was an elusive quantity to measure. One reason for this was that the thermel
blooming time, on the order of 8.8 msec was comparable to the uncertainty

in the zero time point in the oscillogram due to the fact that the oscillo-
scope was triggered by the first beam sweed across the detector which could
lag behind the true beam turn-on at the knife wedge shutter by half the pivot
mirror sveep period or 6 msec, In addition, fer large at the intensity of
the bloomed beam was 80 small &s to require additional amplification at the
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oscilloscope to facilitate its measurement in which case I(0) was off scale ]
on the oscillogram. In this situation empty cell inteusity traces such as
that shown in Fig. A3 were taken as ci.libration points and I(0) was then
the product of this intensity and e " and could be rendered useful to
normalizing the data on an oscillogram merely by multiplicatiocn by the addi-

%i
i
, ;
b tional amplification factor used in obtaining the oscillogram. j
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SECTION AIIT

ANALYTICAL MODELS FOR THEFMAL BLOOMING BY STAGNATION ZONES

IO ST I =5 % WP > RO WS I

o A. INTRODUCTION
¢ As past studies have shown (3), thermal blooming is a phenomenon which !
! degrades lsser prepagation and is influenced by a number of factors which
include beam power, P, the degree of focusing, F, the linear attenuation

over the range af, and medium properties such as density, p, heat capac-

ity, ¢_, and refractive index temperature coefficient, u_,. It has been

found helpful to devise models for thermal blooming under the varying condi-
tions of interest to derive thermal blooming parameters which ineclude in a
single quantity the properf§?s listed above along with properties pecuiiar to
the condition of interesfe 5) For the stationary stagnation zone problenm,

! : this was done by Berger * who modeled the stagnation zone as a fixed thin
5 ? thermal lens of constant properties which distorted the on-target intensity

' by shifting the focal point of the beam. In this section, a modified form of
Berger's treatment is introduced to provide an alternate parameter for charac-
terizing thermal dblooming in the presence of a stagnation zone.

e

T
RN T S

R OIS SR O} SR TR PRI AT

g ! Berger's thin thermal lens, treatment strictly holds for stagnation zones
1 - only for those cases in which the properties and position of the lens are
constant in time. In an sttempt to obtain a treatment of stagnation zone
thermal blooming which includes non-steady state effects, a second model, also
has been developed and is describved in Appendix AI,

ot et o) LG LU e VB 4P ke

§ § B. STEADY STATE THIN THERMAL LENS MODEL OF STAGNATION ZONE THERMAL BLOOMING
As stated originally by Berger(h) the effect of a stagnation zone on laser
beam propagation can be seen by considering a thin thermal lens of negative
focal length to be positioned in the beam at the stagnation zone. The focal
length of this lens is given in terms of the medium properties, the beanm
radius, a(z'), at z', the location of the stagnation zonz in the range, the
3 ) on-time of the laser, t, and the thickness of the lens, 6z, a quantity to be :
1 : dealt with further at a later point: i
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The unperturbed laser beam, propagating in the z direction, is considered to
have a radius ao at its origin, to converge to a focus a distance R' beyond
z', and the effect of the tiin lens it to increase the distance tov a valus RP

L.

I
- .
A e L e A e e e e i 3

{. whose magnitude i3 given ty the thin lens law:

] Z y |
1 : . ]
] ‘ ; Re+z ,i

. _ .
5 R'+2' 4

| (a(2),7)

, i . o |
4 ‘ N ’

* : where Rg: R'$ /(R'+1). =‘

Of interest is the intensity at a point z; between 2' and R'42' where :

zg)=P/ma'(z4)?), (A-I11-2) .

and a'(z) denotes the z dependence of the perturbed beam radius:

a'(z)= Qg(R/Re)Re+2'-2) /(R+ 7). | (A-IT1-3)

The variation I{(2_) with the porition and properties of the lens is readily
expressed by ' g

dnz’f) . "o ( 00'(21\)) <00'(2f)) (00'(2{)) j
T = ; IR 4\ —— dz'+ - drR - k
g OO [\ R [pg O T\ 0T fga T M (LS |

iy =~ ¢ e
A

vhere the first two terms in bracketc relate to lens position while the +hird

‘ . relates to lens properties. In principle, solution to the moving stagnation

sone problem is given by the solution of Eq. (A~III-k), 1In practice it is
convenient first to fix the position of the lens and consider the stationary
stagnation 2one problem. In this case, Eq. (A-III-k) is readily integrated to

4 : give
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At this point in his development, Berger(b) Foints out that there comes &

time after which the increase in engergy. Pt, depositzd at tiic stagnation zone
: to cause the lens' focal length to decrease is brlanced by the decrease in

f 5z due to convective cleanout of heated medium %y wotion of the latter normal
: to the beam axis at points other than the rtagnation zon: center. Oace this
steady state is reached, Berger postulates that 8z is replaced by the quuntity
ba(z')/w, where w is both the angular velocity of the medium ebout the stagna-
tion zone and also the slew rate of the terget sbout the laser. Mfgi¢g use of
the analysis of the apparatus in Ref. 1 and including the factor e which
accounts for the attenuation of the laser beam pnwer in the path preceding the
stagnation zone, Eq. A-IIT-5 can be written in terms of the apparatnus
parameters:
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e e ke

M 0 e ] e Pt e i B e o o e

| Tss(z¢) 2

; Trgg ® 2271 = (14+Ng);

s % Xz¢,0) (A-111-6)

: g where

1

i ] 203000 4% e LK g %) ]
] Ng® A-ur)aPLeF (KL+Xq)e o™’ (A-I1T-T)

MpCp O o (FR g + (F-I)XQ)Z

In practice, Ir . ves found not to follow strictly Eg. (A-III-6) but i?§§ead é
to be characterizgd by the thermal blooming parameter NQ according to ;

Irgs® (1+ 0.85 Ng+ D.09NG)". (A-I11-8) ]

I3

The credibility of this(gsdel for stagnation zone thermal blooming wes enhanced ;
further by the finding thet, in addition to being e useful parameter for ;
characterizing the thermal blooming data, NQ correctly predicts the scaling of :
thermal blooming severity with the focusing ratio, ¥, this scaling being lirear

in F in the limit of large F, :
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Central to Berger's treatment is the statement that thz equaling La(z')/w
expresses the steady state gituation that convectiv= clesnout of heated
mndium at the ends of the range places the limit t» the surength of the lens;
an altern rtive treatment is the statement that tdz simply be on the order of
R /w or a (z_)/w after the establishment of +he s‘eaéf scate. The replacement’
of t5z by a (Z )/w results in a thermal blooming distortion parameter wh lf? is
independent of ¥ et large F, in variance with Fleck's analyticsl resilts.
In contrast, replecing téz with aﬁ/w gives

) aPLZFYRy (X g ¥ Rg)e M (Xa/Xs),

Nu (A-I11-9)
mpCe 0.3 (FX, +(F-UX()>
as the relevant blooming parameter in the expression
Less= (14NL)R (A-I1I-10)

It is found that Eq. (A-IXI-10), like Eq. (A-ITI-6), is not strictly adhered
tc but instead an expression, similar to (A-IIT-8) is developed invoiving
NL to express the stationary stagnation zone cata.

At this point is is interesting to consider some properties of Eq.
(A-III-9). Of particular interest is the severity of thermal blooming and its
dependence on stagnaticn zone position and degree of focus. This guestion is
simplified by considering the function

Ql(-Xg/Xp)
L FOX, (X, + X o/%2
X (X Xg,F)= _.‘( £ o)e

(FX,+(F-|)X°‘.

(A-1IT-11)

which contains all the kinematic and focusing dependence of N.. This functinn
is plotted vs X, in Fig. A5 for the .-dicated values of io and“az, the value of
the latter being characteristic for a one meter cell conta.ning ten atmospheres

of CO,. It ir seen that the effect of increasing F is to cause x to exhipit a
sharper and higher maximum. At large x , when the stsgnation zone is close to
the laser, the value of N. is seen to tend to be linear in F. Conversely, for
a stagnation zone positioned progressively closer to the acurce, the value of
Ires is expected to exhibit a minimum with a relatively sharp recovery for
larger values of F and a shallower minimum for smaller F velues, As se:n in
Fig. Alb the value of Ir does indeed exhibit & minimum fcllowed by a marked
recovery as the stagnation zone moves towvard th. source, suggesting that for
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the gas mixture and zome velocity considered, the instantaneous value of I,
is given by I corresponding tc the ‘instantaneous value of N., As is the
case Tor N i{sis not expected that the measured value of I to be given
in terms o? N, exactly as in Eq. (A~III-6) but that Irss show a functional
dependence on the many quantities of importance to blooming in the presence

of a stagnation zone through the single parameter NL.
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SECTION AIV

EXPERIMENTAL RESULTS

A.  INTRODUCTION

The results of the measurements of I, for provagation through s stagnation
zone are presented in this section. In the first subsection, properties of
stationary stagnation zones are investigated, specifically the dependence of
Iy on linear attenuation over the range and degree of focus, and the experi-
mental results, along with those of Berger(5)( ) and analyticel regults by
several workers as presented by Berger >) are shown as functions of NQ and
NL. In the second subsection, thermal blooming in a moving stagnation 2one
is examined., again as a function of attenuation, degree of focus and lazer
power. The prinicple conclusion is that for the zone velocities considered,
the time dependence of I, is determined by the time dependence of Ny, or NQ
and the sensitivity of I in the stationary zcne case on these parameters.

B. STATIONARY STAGNATION ZONES

As was discovered by Berger(u) and as is indicated in Fig. Aka, the value
of I, for a beam propagating through s stationary zone experiences a transient
decay before assuming a constant value vhose magnitude is determined by the
Properties of the propagating medium, the laser beam and the kinematics
determining the stagnation zone position in the range. Date obtained from
oscillograms as that in Fig. Aba is shown in Fig. A6 which illustrates the
dependence of I, on kinematics for the indicated values of focusing degree
and attenuation over the range. Qualitatively, the value of I. is seen to
behave in a manner consistant with thet shown for x(Xy, %, 5) in Fig. A5,
exhibiting a sharp drop as the net wind speed at the exit window increases
through zero, a minimum soon thereafter and gradual increase at still larger net
wind speeds. This behavior gives rise to the expectation that Ny as well as
NQ is & suitable paramcter characterizing thermal blooming in a stagnation

zone,

The value of Iy is plotted as a function of Ny in Fig. AT. Also included
is experimental data taken by Berger(5) and analytical results obt?i?ed by
Ulrich and Wallace and Fleck, as presented by Berger > » and Fleck T), Tne
deta taken in the present study is seen to be self consistant for a fixed
value of F. TFor Berger's data the value cf Ny wes calculated from Eq. 16 in
Ref. 5 assuming a linear taper in the laser beam radius with range position.
In addition Berger's function R(x) was set equal to unity independent of zone

position.
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In comparing Berger's data with the present, it is recalled that in
some of his experiments, Berger used a detector fixed at the cell exit so as
to sample the intensity only on the axis of the unperturbed beam 2 while i
in others he used a rotating mirror to sweep the beam across the detector i
with the cell positioned horizontally thereby giving ..se to bouyancy generated
gas flow transverse to the beam axis. Thus, in the former experiments,
Berger measured & property, the "on-axis" intensity, different than that
measured in the latter and in the present experiment, the "maximum intensity”.
As calculated by Fleck(T) the latter is expected to exceed the former by as
much as a factor of two. However, it is seen that the scatter in the experi- i
3 : mentsl results obscures this difference except for the tendency in Bergers
i : data to lie slightly but consistently lower than the present at a given value

~ of the distortion parameter.

IO I S S PUE

In Fig. A8 thwc dependence of Ir on Np, is presented. The only discernable
differance between the presentations in Figs. AT and A8 is the tendency of
the data to be some.hat more tightly clustered about the fil.ed curve when
plotted in terms of Nj. Agreement with the analytical results is good using
) either NQ or N;,. For comparison, Ir is nlotted against Np', obtained using i
{ ‘ a(ys) in the steady state expression for t3z, in Fig. A9. Presented in
{ o terms of Nyp', tight clustering about the fitted curve is again observed par-

o ticularly for the low F value data. However, agreement with Fleck's calcula-
E ' tions for large F is very poor, indicating that Np' exhibits incorrect
. sensitivity to degree of focus.

AT ST Y
R
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: i The stationary stagnation zone data presented here was taken to expand

: the data base used in studying moving stagnation zones. In the next sub-
section, moving stagnation zone data is examined and compared to the station-
ary zone data presented above.

fris bt T e o s b MRt <+ s

C. MOVING STAGNATION ZONES

As seen in Fig. A4b the value of I, for the moving stagnation zone case
may exhibit significantly more temporal variation than does its value in the
stationary zone case. 3

AT IS ST, 5 e S e ek

The data of Fig. Alh, representing one of several data runs taken at the ;
ipndicated af and F values with varying values of y_ and 4,, (A, = *l/* ), is
shown in its reduced form in Fig. Al0 along with informatfon oftained From
steady stote data. The data point denoted by & cross is the measured value
: taken on the seme day, of the steady state Ir in a stationary cone experiment
3 ' with the same X, and X_as cccurred at the instant of time indicated in the
: ' moving zone experiment. The coincidence between this point and the moving
1 zone data indicates that Ir for a moving zone characterized by temporally
1 varying *z and io is determined at any instant by the steady state value of
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I_ corresponding to the values of %X, and X at that instant, The solid line
indicates the value of Ir calculateé from ghe curve drawn through the data
in Fig. A8, The agreement between this ~urve and the data is particularly
good with the curve tracing the temporal variation of Ir as well as its
magnitude very well,

A data run, teken for a F value of 1.2 is shown in Fig. All. As predicted
in Fig. A5 the variation of Ir with zone position is less pronounced for the
more weakly focussed case. Also shown are the steady state value of Ir
predicted by the expression for Ny, which also indicates the smaller degree
of temporal variation expected at lower F values.

The results shown in Figs. Al0 and All are seen to be restricted to
values of 1. above about 0.3 with a corresponding restriction on the range
of the relevant thermal blooming parameters studied. To expand this range,
measurements were taken with the apparatus kinematicsessentially fixed and
with the value of P varied between 5.6 and 16 W and af between 0.21 and
0.45, and the data from these runs is shown as oscillograms in Fig. Al2 and
in the steady state parameter plot in Figs. Al3.

Inspection of the deta shown in Fig. Al2 reveals that an increase in
the product a and P from .01l to 0.72 W/em does not affect the ability of
the medium to respond to the presence of the laser beam and the kinematics
of the encounter. The relatively small temporal variation of the peak
intensity as observed in Fig. Al2a is due to the fact that the dc arture
of Ip from unity is relatively small under these conditions. The data in
Fig. A12 is reduced and plotted in Fig. Al3 as a function of N;. In this
plot only I. values occuring after the initial transient are plotted. This
data is compared in each figure with the steady state deta of Fig. A3. 1In
each comparison the moving zone data is seen to correlate with the previously
existing steady state data within the experimental reproducability exhibited
by the latter. As a result the conclusion is drawn that, for the encounter
kinematics considered in the meAsurement, I, once having reached a value
corresponding to the steady state value I,.gg associated with the thermal
blocming parameter Ny (or Nq), will change in accordance with the sensitive
ity of I,gg to the time varying value of N;y. It is important to emphasize
that I, is determined by Nj only after a steady state conditiocn is reached.
For example, the data in Fig. Al2 correspond to a situation in which a
~ stagnation zone passes into the range from behind the target. This occurs
at roughly 0.1 sec in the oscillograms shown. Prior to that time, no
stagnation zone is present and I, is given quite n?c?rately in terms of
Gebhardt and Smith's thermal blooming parameter N. 3 The data shown in
Fig. Al3 were all taken at times equal to or greater than 0.25 sec, leaving
a time interval of 0.15 sec in vhich Ny overestimated, by as great as an
order of magnitude, the severity of thermal dblooming. This interval is seen
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from Fig. Al2 to be independent of the responsivity of the medium, which
is proportional to aP, and this indicates that the time required to set up
tre stealy state condition is established by the kinematics of the cell as
expressed by some -elationship between t3z and the ratio of the beam radius
av some point in the range to w.

D.  STEADY STATE PARAMETERS

T

In the preceeding parag-aphs three distinct stagnation zone parameters,
designated N ', Ny, and Ny, have been used in analyzing the data. Each param-
eter arises from a different approximation for the relationship at steady
state between t3z and the ratio between the beam radius at some pcint in the
range to w. In the case of N;' the beam radius was that associated with the
end of the range, ay, (ap = a(2¢)), vhere, in a focused beam, the radius is
: smallest and the contribution tuv thermal blooming is largest. Although intu-
itively as would thus rzem to be the critical radius in determining the onset
of the steady state, it was seen that NL' becomes less effective in describing
steady state thermal blooming by a stagnation zone as the degree of focus
increased. Ir contrast, Np is derived using &, a5 the critical beam radius,

: and Nq uses a5, (a = (a(z')). Both N and Ny were seen tc exhibit the correct
{ dependence on the degree of forus with the data exhibiting a slightly tighter

it to an analytic function wnen expressed in terms of NL.

3
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It is interesting at this point to try to decide which of the two
parameters Ny or NQ more accurately describes the phy?éss involved in stag-
nation zone thermal blooming. In deriving NQ, Be-ger described the
onset of stesady stute situation with the equation

et e e, Bttt 5 et e 7

w(Zp=2;itgq= 2(0(2)) + a(2,)) (A=IV-1)

where ) and z, are the boundaries of the "thin" thermal lens. Assuming
a lineer taper for the focused laser beam the right hand side of Eq. (AIV-1) {
is equal to lag and a piot of the experimentally observed value or Tggo

the time 2lapsed at the onset of the sieady state, as a function of he,/sz
would be expected tu be a straight line whose slope is the ratio Zf/(zg‘zl)-
Figure 1L presents such a plot using Bergers data.(5) Berger took his data
parame.:ic in v at fixed z', and the date points denoted with a cross represent
the run at each z' for vhich w was largest. Tt is seen that these points fall 1
closest to the straight line for vhich zgp/(z,-2 ) equals 5. When the slew rate
is large, transverse convection is most likeiy %o dominate the distribution of
abso:bed laser energy in the medium and t,, will most likely reflect the rate

1 . at vhich the slev generated transverse flow removes heated medium from the
beam path. At slower slew rates other energy disposal channels such as bouyant
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convection increase in importance, and t . is expected to fall below the value
expected for the slew dominated case. As seen 1ln the figure, it would seem
that Rerger's value of 5 for zf/(za-zl) is a reasonable lowver brand for the
slew dominated case. The N, model requires that the quantity tss zfv/as be
independent of z' and have a value of about 20. However, when plotted against
z'/zf, as in Fig. 15, this quantity is seen to show a systematic variation,
increasing linearly with z'/zf as a; decreases, On the other hand, when
plotted against z'/z, as in Fig. 16 for the data of largest slew rate, the
quantity tss zf'w/a.o is essentially constant with a value of about 10 as an
upper bound, a value consistant with the data shown in Fig. 17 which presents
tgs vs b a /zew, These results infer that the value of t . is determined by
a, rather than by &g and is given by

tgs= 400/ Wiz (A-1v-2)

where the value of f is roughly 2/5. 1In addition it would seem that NL rather
than N, is the relevant parameter in describing laser beam propagation through
stagnation zones,
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SECTION AV

SUMMARY

In this study measurements have been made of the reduction in peak on-
target intensity due to thermal blooming in stagnation zones. Measurements
vere carried out for both stationary and moving stagnation zones. The work
involving stationary 2ones served to expand the data base, initiated by
Berger, to include a wider range of values of F, at and P. It was found that
the stationary zone data wes expressable in terms of a single thermal blooming
parameter, Ny, which is a slight modification on Berger's parameter Ng. The
measurements with moving zones indicated that the measured intensity tends to
track the stationary zone value as given in terms of Ny with the observed

temporal dependence in the intensity being determined by the temporal depen-
dence of Np,

One ares yet to be addressed in this study of moving stagnation zones
relates to the question of jJust how fast are the zones studied moving and how
fast are the zones typically encountered in the naval scenario expected to
move., The quantity relevant to this question is obtained from considering the
position of the stagnation zone within the range as a function of time which
for the labtoratory apparatus is given by Eq. (AII-1). Routine calculations
reveal that dyo/dt is largest for time zerc and when the zone is Jpst enter-
ing the range,

dt )moximum ~Xo

{AV-1)

For the naval scenario considered in Ref, 1, this value of io(max) can be
calculated to be 0.4 sec™l, For the dats in Fig. Al2 this quantity is nine
sec-l, indicating that the zones studied are moving quite rapidly as viewed

in the context of the naval scenario. Thus, the conclusions reached concerning

the stagnation zones studied in these experiments are applicable to those
encountered in the naval scenario.

In final summary,combining the results of the present measurenents with

previous experimental and analytical results leads to the following conclu-
sions: For a stationary siagnation sone, the inteusity experiences an initial
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transient, after the laser is turn~d on, before reaching a steady state value,
The time elapsed before the latter is reached is given approximately by 10 a,/
T where a, is the beam radius at the laser, zo is the laser-to-target dis-
tance, and v is the laser beam slev rate. The steady state intensity, normal-
ized to its value in the absence of thermal blooming effects, is given by

-1
L= (| + 30N + 037 Nf) (A-V-II)

where NL, the stagnation zone thermal blooming parameter is given by

. upape 2, 1-2720)00
" wpCpwal(zPo

{A-V-III)

where the symbols used stand for the following physical quantities:

Bq z medium's refractive index temperature coefficient

a = medium's absorption coefficient

P Z laser beam pover

2! = distance of stagnation zone from the laser

a(z) = laser beam radius = a, - (a, - af) 2/2¢

ae Z bear radius at target .
P Z medium's mass density

Cp £ medium's specific heat

a,/as = degree of focus.

For a moving stagnation zone, the time dependence of z' and therefore of N, is
determined by the dackground wind speed and v, and it was found that the
above expression for Ny vas gbeyed for both stationary stagnation rzones and
zones moving at least to ten times more rapidly than those expected in a
typical naval scenario.
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APPENDIX

] ' TIME DEPENDENT MODEL FOR STAGNATION ZONE THERMAL BLOOMING

A. INTRODUCTION

: In section A-III and Ref. 5, models were described which account for

. thermal blooming in the presence of a stagnation zone only after the cessation

of the transient intensity decay leading to a steady state. The problem of

thermal blooming in the presence of a moving stagnetion zone is inherently

time dependent, and the developwent of a model accounting for this time depen-

dence is desirable, %‘
1

S kit e e e G e R s

B i b TR ——

B. TIME DEPENDENT MODEL

f In principle this need is filled by a solution to Eq. (A-III-L) which was

: solved for the stationary zone by making certain assumptions about the thermal
lens thickness 6z. For a moving 2one such a treatment is complicated by the
fact that the boundaries defining 6z are moving in a complicated manner, and
although this motion can be accounted for in a numerical solution to Eq.
{A-III-l), it was Cesired to reduce the problem if possible to a simple one
parameter expression analogous to Eq. (A-III-8) with the elapse of time
included. This goal was achieved Dy a synthesis of a solution 3} of the
thermal blooming equation,

: T (w/pt [Tuds+pudn=-al, (A-A-1)

. : and some results of the thin thermal lens analysis of thermal blooming.

| Briefly, using certain assumptions concerning the variation of I along the

: propagation path, Eq. (A-A-1) is solved(3) for situstions in which the absorbead
power density al is balanced by a single energy loss channel for the following
loss channels: 1) medium heating, 2) thermal conductivity, 3) transverse
convection. For each channel operating alone, the solution of Eq. (A-A-1) can
be expressed in the form

T e e e

, Ir:e? (A-A-2)

there ¥ is the product of 22/302, the fractional change, relative to ambient ;
) T/u of the index of refraction on the laser beam axis, a factor, f(at), ?

i s factor g, (F) and, for the case of convection, & factor ¢ which is a function j
g i of ¢, the ratic of the vind velocity at £ to that at the laser, v . These i
] ! quantities are listed in the table below.

i i
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Loss Channel AT flat) gelF) & ()
; Medium Heating L fifra)
] \ mocea 3
; aF 20e-%-1at)  2F(FynF-(F-1)) s
E Thermal Conduction pr 2242 (F-1)2
] : . 2FAF-1)-4NF)  2(dgnP -(p-1)
. : Transverse Convection E::D;;:;T;;;;. (F-1)2 (6- 12
k
é When all three loss channels sre included in the energy balance eguation,
j
: 4KAT + PCPAT pcpVAT . aP ' (A-A-3)
‘ a2 t 0 ra?

tr. value of 4T can be expressed as follows:

-l

aP | LU

AT: 5 [+t ——*—]) (A=-A-4)
wpCpo® \t acpcp @

R i s
4
O A RL o o AN S v e

A e r———

f
i and it is seen that AT has a form similar to that for the madium heating case
with t replaced by t*, a "reduced time" given by the quantity in brackets in

é : Eq. (A-A-l),

As e parallel to Eq. (A-A-4), it is postulsted that the general expression
for ¥ in th- ‘*agnation zone problem is

L

s pyQPLZH AL G (F) [ 4kgy,,(F) V@uuiF) -
V' MH . Qwm + S . (AeAe5)

i mupCp ao‘ t o"’mpc,gcond(F) wi/2 89conv(F)

3

vhere tne factor (-uTam? f(at)e x(F)/(Tupc »,ol‘))'1 is the transient thermal
blooming time as referred tc in fection A-II. It is seen that #(¢) is set .
equal to 2, its value for a stagration zone at the target in Eq. (A-A-5). This
ig done because in the presence of a stagnation zone at any other point within
the range the transverse medium velocity vanishes at the zone center and the

20
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integral defining the value of ¢(¢) has no mearing. It is also seen that
within the parentheses the beam radius is denoted by ap; icv 1s concerning this
variable that the second postulate of the model is made, From Eq, (A-III-5)
it is possible to determine Zns the value of z' at which the placement of a
negative lens of arbitrary focal length, f, has the greatest perturbative
effect on I,, This is conveniently done by determining the value of z'
corresponding to the maximum in the second term within the brackets in Eq.
(A~I1I-5) and it is found that

* 2F-3

: (A-2-6)
2F -2

Zm s

It is now postulated that for F greater than 1.5, oy be set equal to a(zm), '
for F smaller than 1,5 8, be set equal to &,; in addition, the value of v is
set equal to its value that at Zpe Specifically, v is the product of w and
the distance between z' and zp. In terms of the apparatus dimensions and

kinematics, -

Ve [ %+ 2l (g + %, 0) (A-A-T)

The dependence of gmH(F)t* on x and F is shown in Fig. AlA. In this '
figure the value of t 1s taken to be infinite so that t¥ is composed only of
the convective and conductive terms. As was the case for the thermal lens
model, the effect of increasing F from 1.2 to 5.0 is to cause an increased
%; dependence of ¥*, Unlike the results shown in Fig. A-5 for x(x;,-L,F),
further increase in F results in a flatter x, profile. The cause of this is
the assumption of constant a, in the curves shown which results in smaller
&, with increasing F and thus an increasing role of conduction rather than
convection in determining t* at the larger F velues. C(onduction was not
included in the thermal lens model, and its inclusion in the present analysis
points out its applicability to situations other than stagnation zone thermal
blooming as shown by the extension of the curves to values of‘izsmaller then
< m/sec for which the value of N;, or N, is undefined. Indeed in the absence
of & stagnation zone and conduction and transient effects, the expression for
¥* ig se=n to be quite similar to the parameter N(3),used to characterize
thermal blooming in the presence of a transverse wind.

As vas the case for Ny, the important results of this model is the
development of a single parameter Y* to characterize thermal blooming.

21




rm—.pr?—,.v.-‘ww.‘ T TEETATS TR O, T Ve WL RS ERETAT TTTIRUTAEN R AT T ST e e ey A e e pmem omm e e o

WA e by W x e <) e

K s

T KT WA v R e A A I I R 1 A A L A A T T R I T TR A e T

RT7-922578-13

C. EXPERIMENTAL RESULTS

The sensitivity of Ir to ¥* is shown in Fig. A2A for both the present
experiments, Berger's experiments(S) and the analytical results of Ulrich(s),
wallace(5), and Fleck(5,7). It is seen that all the experimental results
correlate fairly well with ¥* and with each other but that the mnalytical
results for larger F values fall away from the lower F results, indicating
that ¥* does not contiin the correct dependence on F. The moving zone results,
shown in Fig. A-3-A, indicate that the time dependence of I, is determined by
that of ¥* as was the case for the parameters N and Ny,

The fact that ¥* exhibits incorrect sensitivity to F can be altered by
simply replanning & with a, in Eq. (A-A-5). However consistancy requires
that doing so forces Zm in Eq. (A-A-T) to be replaced by zero, thereby render-
ing v and therefore Y¥* time independent in the limit of large values of t,
also losing for ¥Y* its sensitivity to ig and therefore stagnation zone position.

In summary, the model described produces a thermal blooming parametzr ¥*
which correctly traces the temporal evolution of Ir in the presance of moving
or stativnary stagnation zones except for large values of F. To give the
correct dependence on F it would seem that the third term in parenthesis in
Eq. (A-A-S5) must be divided by F.
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AEROSOL EFFECTS ON CO, LASER PROPAGATION

SECTION BI

INTRODUCTION

Understanding the propagation cheracteristics of Ligli power CW laser
beams through an aerosol ladened medium is important for Navy applications of
lasers for two basic reasons. First, if the laser is operating et a middle
infrared wavelength for which there is an atmospheric window, the effective
absorpticn coefficient of suspended aerosol can dominate over the ambient
molecular absorption coefficient 1:2 gad second is the problem of propagation
through fog. When these situations arise, thermal distortion of the high
pover beam must be calculated from & theory based on the atsorption coeffi-
cient of the aerosols. It has been demonstrated experimentally:"'h and
theo:‘etically5 for the steady state, CW case that the propagation models of
molecular induced thermal blooming were applicable to the eserosol case by
merely replacing the gas sbsorption coefficient with that indicative of
the suspended aerosols. This modeling is adequate for particles that cannot

be vaporized by the high power beam. The other aercsol propagstion problem, i.e.,

when vaporization occurs, has not been understood as well. This second
important aerosol propagation condition exists when the target is shrouded
by fog. The detrimental effects of fog are of concern whether the laser
device is operating in the middle infrared region or at longer wavelengths
3uch as 10.6 microns. The thermodynamics of the fog droplets have been
studied 6'7and some of the propagation effects have been investigated.a'9
but this work typically neglects the problem of thermal blooming. Further-
more, early attempts to experimentally measure fog induced thermal bloominslo
failed to provide measurable distortion, presurmably due to high transverse
velocities that could not be alleviated. Therefore, the goal of this
research program was envisioned os filling this information gap by operating
a high power laser in a scaled regime where fog induced thermal blooming could
be measured and analyzed. Ve have accomplished this goal.

Another important goal of this reseerch program was to operate the fog
dnduced thermal blouming experiments in & parametric arrangement that vas a
scaled subset of conditions that might be encountered during a full-scale
field situation. To achieve this goal we have utilized a multi-kilowatt,

CW CO2 laser to provide intensity levels similar to thos: anticipated for
field conditions. 1In addition, the beam was translated through the fog cell
to aimulate a uniform winé transverse to the trajectery. In the propagation
cell, a very concentrated, artificially-generated fog was used to model
natural fog concitions over long atmospheric paths, while maintaining a droplet
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§ size similar to natural conditions. The parameters of the scaled experiment

| are compared with approximate field conditions in Table B-I, The entire range

: of parameters used during the experiments is listed in Table B-II.

é This report summarizes our efforts to measure fog induced thermal distor-

§ tion during the conditions discussed above (Section BIII) and to model the

{ physics of the interaction dbetween high power beam and a medium shrouded

: in fog (Section BII). Computer codes for thermal distortion iq‘a saturable
absorber and for Mie scattering functions were déveloped under Mnited
Techknologies Corporate IR&D funds in support :»f this reses®ch.
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SECTION BII

THEORETICAL MODELING

e e o o

A. INTRODUCTION

This section reviews the basic effects of a water droplet on propagation
at 10,6 microns. The effects are discussed in terms of the extinction coef-
ficient, the absorption coefficient and the scattering coefficient. Pertinent
examples of Mie calculations are included. Furthermore, we introduce the
decay of the water droplet as a consequence of high power laser irradiation,
For conditions when droplet vaporization is significant, we model the fog as
a saturable absorber., The saturable, fog absorber model has subaequently
been included in our CW thermal blooming computer code. The ensuing results
of reduced thermal blooming and enhanced power transmission are examined in
a limited sensitivity study of the code predicticns. Finally, with the goal
of an enpirical model in mind, we indicate an approach to simplified scaling.

i W d s e L bl M ol A o
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B. PROPAGATION THROUGH NONVOLATILE AEROSOLS

The irradiance loss on target for linear propagation is given by !

L
1 ‘e-{) gyt 2102 '

(B-1) j

where 1 is the pathlength through a fog of extincticn coefficient aext' it is j
assumed that the beam exerts no modifying influence on the fog droplets, If i
the fog is uniform and homogeneous then one may write Eq. (B-1) simply as

by A WML S ¢ it s as w4 el L

i. = "c.ltL (3.2)

s
siakt.

The extinction coefficient is given by

o}
Qqat = L w r2Q, () N(r) dr (B-3)
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in which Qext 18 the extinction efficiency for droplets of radius r with a
size distribution N(r)., For a monodisperse droplet population Eq. (B-3) is

Qoxt = 7 rQey(NC (B-k)

where C i3 the concentration of fog droplets per unit volume,

In this development it is important to identify two mechanisms responsible
for intensity loss during the aerosol propagation problem. These are
absorption and scattering, such that

Qoxt(r)* Qgps(r) + Qgeq (1) (B-5)

The scattering coefficient has no bearing on thermal distortion considerations
except with respect to a general intensity loss as the bheam propagates to the
target. However, the absorption coefficient is directly responsible for
transferring energy from the laser beam to heating of the ambient gas. These
induced temperature changes in the gas can cause severe beam distortion and
are the result of nonlinear propagation effects.

Now, if one is concernel with nonlinear propagation effects and assumes
that the drcplets remain unmodified by the propagating beam, the amount of
thermal blooming is conveniently modeled by the peak target irrediance rels-
tive to the undistorted value. The empirical expression2 for the reduced
target irradiance (considering only thermel distortion) is

I |
Lo * ~—aak - N (8-6)
o~ Jabs ~t
o '+ 4)
vhere
TNy Qg pLE
Ne® —;%P—_:p:—or f(2gbst)ai@) (B-7)
27
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The besic parameters are defined as

i

ar = index change per unit terperature

*d
]

laser power v
n = unperturbed index of refraction

ambient gas density

©
"

ambient gas heat capacity

Q2
]

transverse wind velocity

v

e = 1/e intensity redius

In Eq. (B-7) f(a, sL) and q(a) are correction factors for large ebsorption
coefficients (and?or long path lengths) end strong focussing:

f(@agust) = E‘f’l—) [aobsl- =i+ 34“"'] (B-8)
2 InF
oy - £ =

F is the Fresnel number. Note in this development that the sbsorption coef-
ficient (assuming negligible background molecular abasorption) must be repre-
sentative of the fog droplets,

Qobs * rr*%b.(;)c (B~10)

Therefore, a fundamental pert of ths linear/nonlinear fog propsgation problem
consists of identifying the ebsorption and scattering efficiencies of tle
droplet ~onstituente at the wevelength of interest,

28
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AMe scatteringl2 computer programl3 has been developed at UTRC and was

i utilized to provide the necessary efficiency factors. This program calculates
I the angular scattering function for a droplet of given size, Two examples are
given in Fig. B~1. These curves are for polarization perpendicular to the

: plane of incidence. In the case of the 0,5 um radius droplet we ovbserve

P riearly perfecet Rayleigh scattering12 while in the 5 um radius case the

anguler function has developed more structure. This angular scettering func-

: tion is integrated over &ll angles to derive the total scattering efficiency

% Tor a droplet radius. The absorption efficiency is also calculated, Figure B-2
; gives the ratio of the absorption and scattering efficiencies for dronrlet sizes
9 { in the range of interest for this project. Furthermore, the absolute
absorption efficiency is illustrated in Fig. B-3., The calculations illus-
trated in Figs. B-2 and B-3 can be used to estimate the severity of the linear
and nonlinear propagation problems through a nonvolatile fog.

© e § ————— T - PRI AT

The parameters for a full-scale propagation example in light foglh are
listed in Table B-III., The target irradiance losses sre substsntial with the
effect of fog induced thermal! blooming being most severe, In contrast, only
nominal losses are suffered for the clear atmosphere. In summary, this
evample alone serves as suffici. it Justification for concern over the degrading
effects that occur during foggy cond.tions.

iy o e

e . e

Note that this discussion was based on the assumption that the fog was not
modified by the laser beam. In reality a fog droplet is very volatile and
under certain conditions a sufficiently powerful laser may destroy s large
portion of the droplet population, In this situation the outlook for high
i pover propagation is not rwarly as bleak, The theoretical results for prop-

; agation in actively modified fog are discussed in the next section.

T - T T T R R T

R SCELTL )

C. PROPAGATION THRCUGH ACTIVELY MODIFIED FOG o

Figure B-L presents the calculated decay of a 10 um fog droplet irradi- ;
§ ated by & high power beam. In this illustration the droplet enters a uniform
i 5 kW beam with a 1.5 cm radius. A gcaled wind ot 15 em/s is blowing trans-

X verse to the trajectory. By the time the droplet has reached the beam axis ’
it has disappeared. The {mpcrtance of ithe droplet lifetime problem is com-
pounded when Eqs. (B-L) and (B~10) are recalied in which the extinction and
absorption coefficients are a strong funstion of the fog droplet size. As
a consequence, nodels for power transmission and thermal distortion must be
i' appropriastely modified to reflect the influence of the decaying droplets. In 3

T
B X P S

s o s TR

this section we address such a modificetion with an initial discussirm of the
¢ droplet thermodynamics.

ISR
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Many references6’9’l5 give the rate equation for a vaporizing droplet ;
] . "
, d(4/3wr%H,) 2, dTr q
- - -awrlx, 1}1 =Iagy, - (31) i
s B
In this development it is assumed that the droplets are not veporized fast ?
encugh tg force the velocity of the escaping vapor to exceed the acoustic q
E velocity”, In addition, Mullaney, et al? show that the solution to this
! equation may be written as §
3 i
-At/T :
rit,D=r;@ at/rm (B-12) 1
vhere .
3
{
s 3pH KoRET3(r) 4
: ™~ |1+ — B-1 "
: Tay [ oHZwZp, (1) (B-13) !
E : ’ 1
@ | |
! g
i 4
5 3
5 ] for ]
f i _ :
[ i ay = bulk sbscrption coeffi:ient of H20 3
1 : 1
. ! A
| K, = thermsl corductivity of air '
v = yas constant

¢ | T(z) ¢ temperature at drop sucface
f l-lv = H 20 heat of vaporization
] ) | » Giffusivity of HZO vapor in air
,l. ' ( v ~ molecular weight of H 0
Pw(‘r) = partial pressure of vater vapor at 7(r)

30
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i Fror Ref. 6 we find that for conditions of interest T(r) s awbient, an
i approximation good to about 10 percert. Hence, Pwv(r) is the vapor pressure
{

0 i i, a e el o A et

H of the saturated solution at the ambient temperature. For the following con-
% stent values
) -
! a, = 2,48 x 102 cm 1 k
| 3
| ¢ = s/cm3 :
e H = 2448 J/gn ;
‘f -4 ;
g Ka * 2,55 x 10  J/cmSecoC :
} = 8,318 J/°K mole
1 ! T = 293K i
3 . :
% § , D= 2,4 x 107t cmelsec 2
1 3
: ( o = 18 gm/mole j
} ;
. (293) = 23.4 w i
3 t 4
i f *1 & 11 J/cm® with I in v/cmg, so we revrite Eq. (B-12) as 5
. “
: ;
] ! ) -z
/ ? r,nere O (8-14) 1
Eﬁ |
j
1 ; In gensral, we expect Eg. (B-1L) to be a ressonable solution to Eg. (B~1l) for
{ : drcplets with radii less than sbout 10 um.
E" Furthermore, e have performed s linesr regression analysiz sf Qaba as a
: function ricm) and find

Qope (N2 {118 % 10%} re 987X 1073 (B-15)

k1
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The correlation coerficient for thisz fit to the Mie calculated values i:
bettes than 99 percent for » = 10"1‘ to 103 cm, We may further simplify this )
expression (error less than 10 percent in range ¢f inrterest) %o

R0 o Pz e

Qupg () = (.18 x 10%) ¢ (B-16) .

Corbining Eqs. /B-16), {B-1L) and (B-10}

-3 1]

Fgpy (D = .18 10% 7 CrP

I+ is then obvious that a will depend on a dAreplets initial size and the total
time it has been illuminated Ly the high power beam, Since I nay be & funce

tion of pnsition, and the medium is meving with veloclty v, we may rewrite -
Eq. (B-17) as ) é
x i
b L.l R .
< gy (X) ‘(I.h))(lt‘)"")wCri3 e’“f?V'i-wI“ 1dx {n-16)

upor. considering on}‘v the plane of the heam containing the wind vector. Now,
Gebhardt end Smithl® show the perturbation in the ambient gas temperature 1is

L
PPV J.00

AT(x)s Tx) agpg(x) 3x (B-13)

‘At this point ve must ackncowledsge that a signifisant poervion of the energy ie :
lost to the vaporization mechanisu and cannot he auoducted to the gas. That . E
is

AW A
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i
x ]
: T |—t— Ya(x')dx :
LT(x) 2Cpv f_mt(x)a(x)dx]t (B-20) ‘
|
%
i
4 where € is the fraction of absorbzd heat that is conducted tc the gas from the §
; droplet. ¢ is jJust®
| ] |
§' : LY. 3 (n
; D HE wER,,(r) (B-21) :
/ ! i
[
‘ Qi
] : |
é é which has a value between 0.3 and 0.4, We will use 0.33, Finally ’
-2 1% ridx

; wxiodwerd % _ [pitiex
.‘ Am)zto.ss)(m 03w Cr. f I e WV Lo dx (B-22) “
pCpv -@ i

vhere T(x) is the one~dimensional perturbation temperature of the ambient gas
vhen the fog is subject to vaporization, If we normalize this temperature
clange by that experienced for no induced droplet vaporization EQ. (B-22)

becones

e 15 2")dx
: a1 fgi¥e h Lot
. Em I

S (B-23)
f T(xVdx' {
=0 :‘
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The importance of Eqs. (B-22) and (B-23) can be illustrated by considering
a uniform transmitter illumination function., Equation B-22 becomes

3 -] 3y %
AT = (9'05;;: s [! -e _'E_] (B-24)

vhere I is the laser intensity and x is the position in the beam cross section
along the direction of the wind. Furthe.more, Eq. (B-23) becomes

AI(;):.:',_'i [';('("' Tiv )] (B-25)

The above equations indicate that the maximum temperature perturbations may be
severely limited due to the saturable absorber. The significance of this
effect is displayed in Fig. 5 where we have graphed the relative ambient
temperature rise for a nonsaturable and a saturable absorber. This example
shows that the on-axis temperature perturbation for the saturadle fog absorber
is only about 1L percent of that for a nonvolatile absorber (or molecular
absorber). Even more important is the fact that the perturbed temperature
gradients are also drastically limited, This condition implies reduced
thermal distortion of the laser beams spatial intensity distribution,

The expressions corresponding to Eqs. (B-2L) and (B;25) for a Gaussian
illumination function are

ot @3MEx N i1, f! . 4 () () o e PR

pCpv d
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and

x ..1:; -(3%?)(9152) 1+ erf(%a)] .
AT (. 2@ te ™ [ O]dx (B-2T)

& S [1+ erf (x/al

where Io is the peak intensity for a beam with e-l radius o1 a.

In conclusion, these modified temperature perturbations can be used in a
thermal blooming code to calculate the resulting distortion of a high power
beam and to study the importance of the saturable absorber.

D. PROPAGATION COLE WITH SATURABLE FOG ABSORBER

The saturable fog absorber model has been incorporated into a CW thermal
blooming codel‘. The modified code takes the initial fog droplet size and
concentration and uses Mie calculations tc develop the appropriate extinction
and absorption coefficients. The beam then propagates through one incremental
step toward the target, forcing droplet evaporation. The phase changes due to
index perturbations from the fog induced temperature perturbations are iden=-
tified and utilized as initial information for the next Z step. The back-
ground molecular absorption coefficient is &l1so acccunted for. In addition,
the extinction from the modified fog is calculated such that the initial
intensity for the subsequent Z step is appropriately modified. Calculations
over the beam cross-section are performed on a rectangular mesh that is
adapted to the convergence of the focused beam, and the incremental Z stepping
toward the target is actively adjusted to keep the accumulated distortion per
gtep very small. The genera. calculational procedures are similar to other
nonlinear propagation codeslt.

An example of the output graphics from the code is given in Fig. B-6,
Shown for typicel experimental conditions are the phase distridbution, inten-
sity distribution, transverse intensity profile and the integrated intensity
in the target plane, This particular example is for 0.5 kW, and tnermal
distortion of the intensity distridbution is evicenced as is a largs total
pover loss via extinction., When the power is increased to L,0 kW, Fig. B-T
shows that thermal blooming decreases and the overall relative transmission
-to the target plane has increased substantially. In an attempt to under-
stand the scaling of these effects, we have locked at some code runs in n
more comprehensive fashion,
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To date the new propagation code has been exercised over a limited

range of parameters. For instance, we have performed a sensitivity study
study of parametric variations on the nominal thermal blooming conditions of

one case from the experimental data runs to be discussed in Section BIII. 1In
this study we have investigated I,.; (from Eq. (B-6)) as a function of the
distortion parameter Ng, vhen Ne i8 determined by the absorption coefficient
of the unmodified fug. The result is presented in Fig. B-8. Table B-IV
reviews the range of parameter variaticns. As P and v are adjusted providing
different "burn-through" capabilities, the breakdown of the classical thermal
blooming model Eq. (B-6) becomes very apparent. Additionally, the value of
N, shows a sensitivity to veriations in the droplet radius. This is due to
the strong dependence of the absorption coefficient on r (Eq. (B-10).
However, Irel does not appear to be very sensitive to the small adjustments
of r, Both Iy, and Ny show a much weaker dependence on the fog concentra-
tion, The results of a small variation in C reside between the indicated
points (z and ,) along the "P-varisble" line.

The enhancement of high power propagation through the seturable fox (and
breakdown of the classical model) can be explained as occurring from two
effects, First of all, the saturable absorber permits only limited tempera-
ture perturbations to be produced in the ambient gas, This results in reduced
spatial distortion of the beam. The second enhancement mechanism is simply
that of droplet destruction; consequently the steady state effective absorp-
tion coefficient is significantly reduced, As & result, overall transmission
increases in addition to the inhibition of spatial distortion. In the data,
these effects may be separated by analyzing the target intensity from two
additional points of view. We suggest that the effects of reduced spatial
distortion may be understood by investigating the area of the bloomed beam
normelized by that of the undistorted beam at the l/e intensity contour.
Furthermore, the mechanism of enhanced transmission may be analyzed by
studying the total power delivered to the target plane through the l/e inten-
sity contour for the distorted case compared to the undistorted case, These
parameters will be defined as A,,; and Prel'

The A, results are summarized in Fig. B=9. In this example we have
maintained Ny as the abscissa, but do so recognizing that Ng may not be a
good paraneter for the scaling of actively modified fog results. The cal-
culations show that as P increases or v decreases the fog is more effectively
destroyed, and the amount of spatial beam distortion is dramatically reduced
relative to the classical model, On the other hand, if P and v are fixed
anag the droplet radius or the droplet concentration is adjusted. then the
amount of thermally induced distortion seems to have the same slope or func-
tional dependence on Ny as the gas model but with a signiiicantly lower

magni tude,
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Figure B-10 illustrates Pre as & function of the initiaslly unmodified
fog °extL° Large increases in transmission are predicted for either increased
power or decreased wind velocity. Also, Eq. (B-2) seems to still be valid in
the modified fog examples for fixed P and v with variable r or C, but a new
effective extinction coefficient must be identified. In essence, this implies
that a 10.6 um transmission through the modified fog remains a relatively
simple function of the total remaining liquid water content in the traJectorylh.
These code data suggest that some simplified scaling may be possible for the
nonlinear, fog propagation problem,

o 0 ) 2kt st i s AL bl | e T

E. SCALING AND A MODIFIED EMPIRICAL MODEL

A reasonable engineering approximation tuv the code results illustrated in
! Fig. B-10 may te developed by realizing that for the droplet size range of

: interest the extinction coerffirient is epproximetely equal to the absorption
coefficient. With this assumption we may utilize Eq. (B-1T7) to write

U A AL A4l Wb i i o cas B b b il

- 'fo I(xhdx' (B-28)

liv /-0 ;

Aoyt *Tgxt € !

b initial |
which becomes 5

é

| |
i

Qoxt * % oxt 0-(335'i\'0) [¢-ort )] (B-29)
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For simplicity, we will choose to calculate the scaling at b.eam center where

x = 0 and include & fitting parameter D such that _

» ‘

~D(0.0769) 77 ¢

(B~30)

! Tgxt = Agxt
' initiol

it e KN S e

We select ~a value of D = 0,437 to provide a good empirical fit betvaen the

; codc data and the simplified formulation of Eq. (B-30) (one should note that g
: this fitting constant will change depending on the illumination function and 3
the Fresnel number of the beam). Equation (B~30) becomes 3
: ]
; - 0.0336) 5 i
: Qoxt* Aoyt @ (B-31) 4
| initial ;
' ; 4
When this modified extinction coefficient is used in J
: i . -Ggxtt j
| ; Pra1" € (B-32) 3
i | ’
| f
5 the simplified model agrees to better than 10 percent with all but one of our

: | code sensitivity results. At one low power (0.5 kW) case where burn-through

var not very effective the agreement dropped to 17 percent,

Now, since ag . & 0.,y Ve may estimate a new effective absorption
coefficient to be used in calculating Ny, and Irel of the empirical model,
In other words
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Sinermal F gy, € (B-33)
blooming initial

The results of Fig., B-11 cccur when Eq. (B-33) is used to calculate a new Ng
for the computed values of Arel in Fig, B-9. This evidence implies that the
parametric modeling by Eqs. (B-6) and (B-7) remains valid and that if the
sppropriate modified absorption coefficient is known within the beam, then the
thermal distortion occurs as derived for the molecular absorption theories.
The one point where our simplified scaling has not worked well was for lerge
P/va (> 100)., In this case the simplified model predicted a lower Ap.; than
calculated by the computer code, Our work indicates that during these con-
ditions of large P/va the simple exponential law of EqQ. (B3-28) must be gener-
alized to include an integration along the trajectory. In such a case
scaling will hecome more complicated.

F. LIMITATIONS OF THE SIMPLIFIED MODEL

The analysis of the computer calculations discussed in this section
represents only a limited sensitivity study, and therefore does not Investigate
all limits of the simplified scaling, e.g., very large P/va. Furthermore, the
illumination function was assumed to be Gaussian with a fixed Fresnel number.
A change of either of these geometric parameters will affect a charge in the
constants of the scaling equations. Finally, the assumptions that A = 10.6 um
and r = 2 - 3 um simplified the calculation of Qgpy and Quyt. For large
deviations from these values, we ¢xpect similar parametric effects to occur
but with cifferent constants determining the amounts of burn-through and
reduced t!.ermal distortion. In conclusion, it hppears that the simplified
model cou.d be used to predict high power propagation effects during realis-
tic scenario conditions if A = 10.6 um, F < 10 and P/va < 100,

g,
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SECTION BIII

EXPERIMENTAL MEASUREMENTS

We experimentally investigated the possibilities of reduced thermal
distortion and enhanced transmission for high power laser propagation through
fog. This portion of the report summarizes these measurements and the equip-
ment utilized to perform the study.

A.  APP}RATUS
1. Syetem Overview

A simplified schematic diagram of the expermental system is provided in
Fig. B-12. The arrangement consists of six basic components: laser, uniform
translator, cell, fog generators, fog disgnostics and target plane diagnostics.

In order to perform the experiment providing full-scale intensity levels
it was necessary to use a relatively high powered laser. We employed an
electric discharge, transverse flow device developed and maintained at UTRC
for the U, S. Navy.19 Figure B-13 is a photograph of the laser._. In the MOPA
configuration, this device has provided more than 25 kW; however, our investi-
gation typically required less than 10 kW average output power. During our
experiaents, the 200-300 watt oscillator team was chopped at 500 Hz with a
50 percent duty cycle to allow synchronized detection of fog propagation
phenomena. The chopping effect is considered negligible in this experiment
because the fog is irradiated for sufficient time durigg each cycle to allow
the droplet thermodynamics to approach a steady-state,” and the amount of
effective pulse overlap is large to ensure CW thermal distortion effectsl0
(pulses per flow time of 33-113).

From the laser, the beam was relayed to a translating mirror via a tele-
scope. The moving mirror provided an apparent uniform wind vith velocities
adjustable between 10 and 50 cm/s. The translation rate was calibrated with
s Qigital system that utilized a stationary photodiode viewing an LED through
a photograrhic negative sttached to the moving mirror. The negative had a
vell defined cyclic bar pattern to generate regular signals in the diode with
a frequency dependent on the mirror translation rate. During caiibration
procedures, the velocity of the mirror was found to be uniform to better than
10 percent over the range given above. The beam was then deflected into the

propagation cell by the translating mirror.
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2. Aerosol Propagation Cell

The configuration of the aerosol propagation cell is shown in Fig.
B-14. The assembled chamber is approximately 10-m long and consists of five
equal length sections of approximately 30-cm-ID standard wall thickness
aluninum pipe. The recirculation loop of the test chamber consists of
five equal sections of approximately 7.5-cm-ID aluminum Schedule L0 pipe.
All sections of pipe are interconnected and sealed by means of Vitaulic
couplings. Each section of the test chamber and recirculation loop is mounted
on its own movable stand.

Two fans for maintaining circulation through the cell are provided. A
7.5-cm dia 529 L/min capecity fan is located in the center section of the
recirculation loop. A second fan, 17.5-cm die and 2175 L/min, is positioned
near the cell input. These fans were vital elements for stabilizing the
relative humidity for fog absorption data runs and for mixing 002 with N, for
molecular sbsorption data runs. Each end of the cell was sealed with a 0.0005
mil thick mylar window until the appropriate interior conditions were generated.
Then the windows were cut away and a test conducted. A pressure relief valve
set at approximately 1.007 atm is located on the test chamber and prevents
overpressurization of the mylar windows during introduction of the fog and
carrier gas into the test chamber.

Four sets of two diametrically opposed S-cm die viewports are provided
on the first, third, fourth and fifth test chamber sections, respectively.
These ports enabled us to operate fog uniformity tests along the length of
the chamber.

Aerosol generstors are located on all sections of the propagation
cell. Furthermore, the second section contains the scattering and extinction
diagnostics for characterization of the fog. Deteils of the second section
are provided schematically in Fig. B-15. The third section contains additional
diagnostics, e.g., spectrophone head, relative humidity probe and temperature
probe. These diagnostics are described in more detail in following sectiouns
of this report. Figure B-16 provides a photograph of the entire cell, viewing
from the target toward the input end.

3. Aeros0l Cenerator

In selecting a droplet generator for this experiment, we kept four
goals in mind. First, it is desirable to conduct the propogation experiment
with .a monodisperse population of droplets., This is important from the
modeling point of view because the propagation code as we have developed
it to this point, assumes a monodispersed pupulttion. Since Eq. B-18 and
Figs. B=8 - 10 show a sensitivity to the aerosol radius, we place the impor-
tance of a monodispe-se distridbution as a primary goal in selecting a fog
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generator. As a secord goal we would like to operate with a d¢roplet radiuse
that closely resembles netural fog droplecs. However, this goal must e
tewpered with the fact that our experiments are conducted over a very i
short range compared to thai. of a full-scale scenaric, snd we must muximize .
the drovlet ebsorptinn efriciency in order to trensfer sufficient energy to

the amdient gas to simulate realistic thermal blcoming conditions. This means

that. the droplet size should be the largest we cen generate compatible with :
the natural scenario (see Fig. ©-.3). On the other hand, Fig. B-2 indicates

that for large droplets s significant traction of the intercepted energy will

be scattered in addition to being absorbed. This portion of the lost energy

is diflicult to document during the experimenis, so as a practical metter

we would also like tc malintain as high an ecsorplion to scuttering ratio

as poecible. Droplet radii between 2 and 2 microns represent a good compro-

misc hetween these various limitvations. The third goal envisioned as &

gspecification of the aerosol generator was that it must produce a very large

numbe:- of droplets per second. If we require on thre order of 105 dropleis

per i3 and the volume cf our chamber is 7.1 x 107 cm3, then we must provide

about 1011 droplets per data run. In actuality the number must exceed this

value when taking into account those droplets that will be impacted on the

sides of the chamber during generation or that will settle out?1 Just prior .
to a data run. Hence, to keep the initial set-up time of the propagation

coggitions to a reasonable minimum, the aerosocl generator must produce about

10" druvplets per second. As a final goal in our selection process the fog .
generator should operate at relatively low air and water pressures so that

specialized pumping systems are not required.
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Table V summarizes the decision making process in which we were forced
to compromise the monodisperse specification in order to obtair a droplet
generator satisfactory for fulfillment of this investigation's ovverall goal
of measuring and analyzing fog induced thermal distortion. Of two companiez
vhich produce aerosol generators which utilize the shearing forces of an
acoustic field to aid the production of uniform drcplets, we purchased genera- :
tors from the Sonic Development Corporation. This company claimed slightly i
better adjustability of the droplet radius than the other. A photogreph of ]
the generator is given in Fig. B-16. 3
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After receipt of the generators, we attempted to document the population
distribution emitted at the nozzle outlet. Initially, we usad a Corporate-
owned, pulsed-ruby holographic system to make records of the generated droplets.
This technique was abandoned after a few attempts because the hologrephic z
s;stem could only resolve droplets down to 10 wm in radius, leaving most
| of ¢he population inadeguately measured. Then, we employed two angle
scattering in2 a cecond attempt to characterize the droplets. However, .
concentration fluctuations in the immediate vicinity of the nozzle made
these muasurerents somewhat unreliable. Our final effort to characterize
the fog yproducad dy the generators was conducted by filling & large chamber
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(2 n long ard 0.25 m diameter) with the fog in a gituation similar to that ;
nf the real experiments. This procedure was successful, proved that the i
generator was adequate and is discuss2d in the next section.

TR

4,  Fog Characterizatiou

x
S

Since water droplets are rather volatile it is desirable to have reel
tim= decumentation, of the mean aerosol diameter, the fog droplet concentra-
tion, the extinntion and absorption coefficients at 10.6 um, and the visible
extinction coefficient. As indicated by Ref. 11 these measurements may be
schieved with optical techniques that depend orn the reletive sizes of the
droplets and the probe laser wavelengths. We have accomplished this goal ¥

. of fog characterization by utilizing transmission and scattering measurements
at 10.€ um and 6328 §. '

VT

o 1w Sk = kL2 aTL

Data from the twe wavelength transmission diagnostins provide most of tiie ?
basic information. As an example, the extinction coetrficient measured at '3
f 6328 R provides an estimate of the visibiiity in the experimental fog con- ;
3 ditions. Reference 23 shows that tie visibility through a fog is simply

ol I,

At

3.912
vs a.. 6320 (3-34)
ext

PEI o VRIS LN IS IR RSP

Using this parameter we may compare our scaled measurements with full scale
scenarios in which fog conditions are described in terms of the visipility.
In addition, the transmission diagnostic provides us with the extinction
coefficient of the fog at 10.6 um which, ag we discusced earlier in Section
BII, is a fundamental parameter in our modeling of nonlingcar proparation
through fog.
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Furthermore, Fig. B~17 shows tha e may measure the average fog droplet
radius simply by taking the ratio of the extinction ccefficients at the two
wvavelengths of our transmission diagnostics. With this estimate of the
droplet radius we may go back to the extinction measurement et 6328 R and !
calculate the droplet concentration by obs=rving 4

m ;
Cs ‘g'g‘!@ (B-35) 1

- »reéL
Reference 24 explains that this methcd of measuring the asrosol concentration §
is reliadle to sbout 10 percent. Finally, since we nave a measure of the ﬂ
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droplet radius, Fig. B-2 can be consulted to give an indication of the sbsorp- }
tion coefficient at 10.6 um for use in the theoretical predictions from the ;
fog propagaetion uodels.
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We vecognize that all of the sbove anelyses assumes tha® the fug iy
d\stribvted in & monodisperse population, &nd we have initiated work to
understarnd the importance of the distribution effects on thess messurements.
For instance, we slumulcaneously support ‘he above transmission diagnostics
vith scattering measurements (6328 £) at twc angles. The scattered intensity
rativ for two angles may then be used as an indicator of droplet radius.
Hnwever, due to the large droplev radivs to wavelength ratio for this
diagnotic, Mie calculations show very complirated scattering patterns develop-
ing as a function of radius (Fig. B~19). Ta. result is depicted in Fig.
B-20 whick shows & signilicAat amount of ambiguity for the scattered
intensity ratic at two seliected angles. Much of this ambiguity may be
removed by utilizing measurements at angles very pear zero degrees. However,
this is not practical for our experimental arrangement. Hence, thia two
angle measurement technique is not a good primary indicator of droplet
radius, but does serve as & good technique for confirmatior of the radius
measur~d via the transmission diagnostics. During the actual experiments we
first found tlhe droplet radius using the +transmission data and checked the
inferred value with the two angle scattering predictions. In nearly all
cages excellent sgreement was observed.

e S Feu o Sty

The importance of this fact becomss apparent when we analyze the effect
of polydispersion or this backup diegnostic of d‘oplet radius measurements. ;
To do this we have developed a computer ccde for Mie calculations subject to v
8 polydisperse distribution of aerosols. The program incorporates the ZOLD :
distribution reviewed in Ref. 12. The vidt:k and skewness of this 2istribution
are specified by 55 and the remaining paiamete:r is Ty, the modal radius of the
population, For nerrow distributions r = Yys the mean raiius of a normal ¥
distritution, and the equivalent width of a normal distribution is o = Too*
Figure B-2. illustrates the density function for rp = 2.5 ym and various
Oy, normalized to the modal value. The effect of this distridution with a
small width of a5 = 0.1 has been calculated {~r the two angle scatiering
diagnostic, Fig. B-22. This figure predicts ver, obvious differences in
the scattering ratio when compared with the monodisperse results of Fig.
B-20. Furthermore, our measurements are not consistent with Fig. B-22. 1
Assuming that the ZOLD distribution function is reasonatle for aodeling our
problem, the measurements would infer a real distribution sigaificantly
narrower than o, = 0.1. However, modeling and experiments should be extanded
to further resolve uncertainties surrounding the districution dilemnma
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To accomplish the fog characterization measurements discussed above we -
probz about 2 m of the fog with coaxial HeNe and CC, lasars. The veams were
combined and directed through a ZnSe windov into the propagation cell. After
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passing through the fog spd exiting through another window, the two Leam:
are separated end aeflected to their respective detectors, At 6328 ' 3
{chopped) w¢ wtilize a simple pnotodiode/operationsl awplifier system to pro- 3
duce the signal “or phase rensitive detection b a lock-~ip-amplifier. Al 3
10.6 microns sufficient sansitivity for signal processing was obtained from
& Coherert Radiastiou Laborsiories Model 201 power meter. These transmizsion E
signals are simultseneocusly recorded on a strip chart. Concurrently with tke ;
transmission recordings, we record scattered light signals at 30 and 60
degrees from the probing HeNe beam. Then during data analysls, we ccllect
the appropriate signal information for fog characterization recorded just
prior tc the time when the high power beam was propagated through the cell.
A photograph of the optical system is provided in Fig. B-23.

P L

5. Spectrophorne

Durises high power pronagation through a fog, some of the intercepted
energy will be lost to scattering and evaporation oi droplevs, and some will
g0 directly into heating of the ambient gas. The fraction of energy “het ie
dzposited into gas heating dictates the strength of the thermal blocming.
Therefore, it is important to measure or otherwvise document this amount of
heating. One very sensitive method of achieving this information iz tg
measure the strength of pressure weves generated from ihe gas heating.)
These parturbations can be detected by an instrument called a specbrophone?5'3q
In this section we discuss s spectrophone developed for these fug propagsticn
experiments.

A e

R R

In contrast with closed cell spectrophones which use Barocel17:29-
type moncreters as censors, ‘the system described here operates with a
propagstion ceii that is not sealed. To accomplish thia, the laser source
must be chopped. The spectrophone electronics are then "tunad" to the
chopping frequency in order to synchronously detect the laser generata:d
pressure vaves. The actual detector of the pressure waves is & mjcro-
phﬂne? »27,28,30 In ¢the system that we have constructed, the wicrophone
is fnllowed by an ultra-low noise preemplifier (Fig. B-2i). The outpu* of
this preamplifier is filtered by a preselector before flial measuerament with:
& leck-in-amplifier.

Table B-VI indicates the basic characteristics of the components used In
our spectrcphone. The information suggests that for operating conditions
during woich no background noise exists the minimum detsctable prezsure
signal will be dictated by the noime characteristics of tie micrevhone,
rather than the subsequent electronics. In practice, however, ambient
laboratory scund levelz limit {he minimum detectidble pressure signeis. This
fact cutl be illustrated Ly the follcwing prelimixary syectrcphore tssts.
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The spectrophone head (consisting of the microphone 24é the preauplirier)
was mounted in the middle of a one meter propagation celi. The cell djumeter
wag sbout 3.5 cm. Initia) tests were conducted with germani.n windows clesing
of” the rell. The wirdows were used only to hold ip the cali’.ration ges und i
sere not pressure~-c:aled. A 6 watt co? beam was siued coaxially down *he
' cell and ~rhopped at 500 Hz. The beam radius we: abouvt 0.3 :m. The diumen- i
; gions were chosen to be an upprrnximate one-tentn scaling of the lirger fog : 'i

}

propagation experiment. Tho test cell wes flooded with *0p, and the lock~in-
explifier was adjusted oy maximum response. For 12% seconds averaging time
and ap effective bendwidtn of 0.001 Bz. the output was 36 mV rms. The beam
wag then blocked s¢ that the spectirophone respendsd to only backgrouaa noise.
The background signal ievel was 0,002 mV rms. These measurements iuply a
signal to notse ratic of 1.2 x 10 Yince *he absorption ccefficient of COp
is about 1.4 x 1073 s»™l, the noise equivalent absorptivity of the spe:tro-
phcae is about 7.8 x 107° cm~l.

e tce’ i e P

When the cell windowe were vemoved so that the laboratory background
noise hud its fuil impocer on ihe spectrophone, the background levei increased
tc 0.035 wV rms. Hence, the signal to noise ratio for the campletely open
cell was 1.9 x 103, The resultaat noise equivalent absorptivity becomes .
1.% x 1070 em”

The important question tc be answered next, is whether or ant these "
spectrophone characteristics are sufficlent for the full scele fog propaga- .
vion exyeriment. Refereuces 25 and 31 shew fthat the laser generated pressure
' waves wil.l have to be proportional to uP/na_ where a is the absorption
- coefficient (cm™ ), P is the iaser power %) and Fo i8 the bﬂam radius (em).

For our initlal spectrophone tests, this quantity was 3.0 x 1972, In the

. casn of the fog provagation exg°rim~nt ve will have &n aercsol abenrptlon

! ceefficient of about 1.0 x 107 + 8 power ol 5 kW or more ané a beanm
radius of apprcximately 2.5 m. The quantity discussea above becomes 2.6 x
1ol This representc nearly an order of magnitude ircrease in the siznal

tu 2oige ratio for the fog experiments ané pressures still within the dynamic
range of the microghone. 1In conclusion, this spectrophore electronics design
z 5 is satisfactory for the lesrger fog propagetion experinents.
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; 6. Target Plane Uisagrostics

: In the target plane, the beam i3 attenuated by reflection from two NuCl
' wadges and is defiected vo a acunned, linear array of vyroelectric detectors.
Its 32 elemwnts ccn e reed at » 5 kHz rate, but only 500 Hz was utiiized in
this experlunent. The errsy triggering was synchronized +o the chopper ir the
bigh power laser oxcilletor with an adjuetable time delay to optimize phasing. .
‘ In this fashion, we vere able to nmeasure a profile of the veem as it wus :
translated acrsss the arrw . Tre array sutput was fed into an adjusteble
gain emplifier and then to an operationel auplifier follower circuit to
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eliminate loading effects on the detection systems calibration. The output
signals from the folliower were recorded on a video tep recorder used as &
wide bandwidth FM data recorder. These signels were used la.¢r to reconstruct
the fog induced thermal blouming profiles.

T. Data Aralysis

Analysis of the 1>corded beam profiles was accomplished by digitizing
the array generated protiles using & Tektronix Digital Processing Oscillo-
scope. Yhe digitized data was stored on floppy discs for analysis by a PDP-
1l minicomputer. Applice.ion of this system enabled us to reconstruct the high
power beam's two-dimensi-mnal intensity distribution, measure l.e1» measure
the increassed area of the distorted beam, and calculate the power delivered
to the target by integrating over the intensity distribution. The results
of this enalysis are presented next,.

3. RESULTS

An =xample of the reconstructed intensity distributions is provided in
Fig. B~25. Here, we illustrate on an arbitrery intensity scale that fog
induced thermel blooming (increased beam area) is reduced merely by increasing
the laser power from sbout 1.8 kW to just over 6.2 kW. The spatial scale is
identical for both runs. The area of the lower power run is 2 times ihe
wndlgtorted beam area. In the second case, the beam was very effective in
destroying much of the fog, end it burned its way to the target with only a
2 perceat area increase over the undistorted case. This reduced thermal dis-
tortion was achieved even though aL of the higher power run was 43 percent
greater. Referring to the classical model, thermal blooming decreased even
tvhen the standard nonlinear distortion parameter increased by a factor of
gbout 5. Ordinarily fur molecular absorption this would have resulted in
about & 5-fold increase in beam area going from the lower to the higher power
2ase, but inctead we observed a 2-fold decrease due to the increased burn-
thrcugr »f the higher power case. Our attempts to comprehensively analy:ze
veasurements of these new nonlinear propagation elfects are presented in the
following discussion of the observed parameters Irel’ Arel* and Prel'
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Figure B-26 summarizes the measurements of Irel for the range of
experimental conditions listed in Teble I. Iye) is defined as I/I_ e~%absl
where Uebs is indicative of the molecular absorber or the unmodified fog
conditions in the cell. The same absorption coefficient is used deriving
Ny from Eq. (B-T). Figure B-26 shows that our experimental system measured
molecular absorption (CO, diluted with Np) induced thermal distortion that
was consistent with the classical, empirical model of Eq. (B-6). Furthermore,
when the relative humidity of the cell wag forced to near saturation dut no
fog droplets were present, we again measured thermal distortion that was well
described by the molecular absorption model. However, in this case, the
dominate absorption coefficient resulted from water vapor.

The breakdown of the empirical model is dramatically displayed in Fig.
B-26 for data collected when fog was the dominate absorber in the cell.
During these conditions P was increased, v was decreased or Qaps VoS increased
to force larger values of Nf. But rather than observing increased thermal
distortion, we measured increasingly better propagation. We were able to
deliver up to 10,000 times more peak intensity to the target than would be
expected based on the linear absorption due to the fog at low intensities.
The enhanced propagation resulted from forced vaporization of the droplets,
enabling increased transmission and decreased thermal distortion. The
following discussion will enable us to differentiate between the two effects.

2. Arel

The extent of decreased thermal distortion is illustated in Fig. B-27
which shows the ratio of the area in the 1/e intensity contour of the undis-
torted beam to the distorted profile. The data is plotted as a function of
the same Ns used in Fig. B-26. The empirical model is used in this case to
indicote the approxiumate parametric form of Apel for molecular absorption
induced thermal distortion. The data shows significantly less thermal
blooming than expected. However, no new parametric dependencies on Ny are
observed due to the fact that many different P, v, and fog conditions were
utilized during these measurements. We strees at this point that Nf based
on the unmodified fog characteristics is no longer a good measure of para-
xetric erfects.

3. Py

We display the amount of enhanced transmission through the fog in Fig.
B-28. Pp,)s Vhich is defined as the pover transmitted to the target plane
through the 1/e intensity contours of the distorted beam in proportion to the
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undistorted beam, is given as a function of the unmcdified optical thickness
of the fog, °extL' This parameter should illustrate extinction of the beam
independent of the thermal distortion mechanism. Our measurements show that
propagation of a beam with sufficient power to force droplet vaporization
provides increased transmission, and that the unmodifiel fog extinction
coefficient is no 1longer useful for parameterization.

4, Spectrophone Corrected I.o;

During some of our data runs, we successfully operated the spectrophone
in conjunction with the other diagrustics. The spectrophone measures pressure
waves induced in the ambient gas resulting from absorbed energy that goes
into gas heating and is not sensitive to that absorbed energy which is used
to vaporize particles. Therefore, the effective absorption coefficient
measured by the spectrophone ignores the unmodified fog parameters and responds
directly to the average effective absorption coefficient of the fog as
actively modified by the high power beam. It is this modified fog absorption’
coefficient which causes distortion. The spectrophone measurements are cali~
brated by comparing signals recorded during CO,, molecular absorption,
blooming experiments with signals from the fog experiments. A simple,
geometric argument is used to account for blooming induced changes in beam
radius at the spectrophone location. The effective, modified fog absorption
coefficient 15 utilized to calculate new values of 1.,y and Nr. The results
are compared in Fig. B-29 with the same parameters based on the unmodified fog
characterization. The spectrophone corrected I,,; measurements agree with the
empirical model, and this fact supports our code calculations that show:
thermal blooming induced by fog agrees with the empiricel model if the
appropriate modified abscrption coefficient within the beam is known.

5. Direct Comparison with Code

The measured Ape; and P,y vaelues were compared directly with the modified
nonlinear propagation code taking into account vaporization. The results
are shown in Figs. B-30 and B=-31. We find very little correlation between
the measurements and the code predictions. A similar problem was encountered
vhen we attempted to parameterize the measurements by the (P/va) modified
absorption coefficients predicted by the code study. The scatter is oo
great to draw any useful conclusions. Without further extended measurements
and code exercises, we cannot determine whether the dominate uncertainty lies
in the code predictions or in the experimental measurements.
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SECTION BIV

CONCLUSIONS

We have performed a scaled experimental investigation of high power
laser propagation effects in fog. The beam was sufficiently powerful to
vaporize much of the fog. As a result we observed transmission enhanced
beyond expected levels and less thermal distortion than would be normally
predicted. The standard empirical model used to describe thermsl blooming
was found inadequate when based on the standard fog absorption coefficient.
Howvever, if a new absorption coefficient was identified for the actively
modified fog by use of a spectrophone, then the empirical model agreed with

the messurements.

In support cof the measurements we have developed a nonlinear propaga-
tion code that takes into account fog vaporizsetion forced by the high power
beam. The code predicts enhanced transmission and decreased thermal distor-
tion. Some simplified scaling for the modified fog parameters has been
identified, and as in the experiments when the modified absorption coefficient
was used as a parameter, the validity of the empirical model wes retained.

So as verified by spectrophone measurements and detailed code calculations

a useful, simplified parametric scaling law has been identified for high
pover propagation through fog. To describe thermal distortioa Eq. B-33, the
beam modified fog absorption coefficient, is used in conjunction with Eqs. B-6

and B-Tiwhile to predict enhanced transmission Eq. B-31 may be utilized in Eq. B-32.

Findlly, some inconsistencies were found for a detailed comparison between
the absolute code predictionsand the experimental measurements. But with
the studies limited to this report we have not been able to identify whether
the dominant uncertainties lie in the new code or in the experimental mea-
surements. Further effort should be extended to resolve these questions.
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SECTION BV

SUGGESTIONS FOR FURTHER WORK

In this closing section we list items that should be considered to aid
in the resolution of remaining questions with respect to high power laser
propagation through fog:

1.

The modified code should be exercised over a rmuch broader

range of conditione. This would ald ir identification of

additional simpiified scaling possibilities, and jdentifi-
cation of real-scale system capabilities.

Additional experiments should be conducted to investigate
limits on the validity of the modified absorption coefficient
modeling and the parametric dependencies of aerosol induced
blooming,.

Additional fog characterization should be .nitiated for direct
characterization of the droplet population width and distribution.

The code should be modified to account for fog droplet
populations of variable width and distribution.

In an attempt to further model resl-scale meteorological
conditions, experiments should be conducted with f'ogs activated

by hygroscopic nuclei.

Code modifications should be developed to predict the effects
of high power beams on fogs with hygroscopic nuclal.
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TABLE I

(3

N

4 +
148 4
;3 Nondimensional
- : Propagation
E i Parameters
3 , F = 8.0
3 it al = 1-5
ﬁ P NF = 20-200
1 f - Physical
LI Propagation
] Parameters
3 3 P/va = L0-200
: ] P = 3 kW
1 5 a = 1.5 cm
5 L = 103 em
2 - Vo = 10-50 cm/s
3 - Ch2 =z 0
E oj(jitter) =0
g Fog Parameters
3 3
r = 2 x 10"‘ cm
c = 3-17 x 104 cm3
n = 1"507 m/m3
visibility = 6.47 x 102 em - 3.24 x 103
(6328 %)
. Very Dense Generated Fog

i et o by

i rep A AR W nT YRR

* Comparison of experimental parameters and approximate field conditions,
P is power; a is the 1l/e intensity radius of the heam; L is the path-
length; I is the intensity, v is the velocity, al, is the product of

* the sbsorption ccefficient and pathlength; Ne is the thermal distortion
scaling parameter for a focused beam (defined in text); r is the fog
droplet radius; C is the fog droplet: conran];ation, and m is the total
water mass density of the fog.

FIELD

8.3
1-5
20-200

P/va = 71-286

2 x 105 em
50-200

10 urad

2 x 10'h cm

1.7-8.4 x 102 em
0.0056-0.028 gm/m3

1.3 x 105 em - 6.4 x 109

Light to Medium
Naturel Fog
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TABLE II

FANGE OF PARAMETERS USED IN ACTUAL EXPERIMENTS -

Power = 0.89 - 6.2 kW .
Beam radius (1/e) = 1,45 - 1.66

" Absorber Length = 1000 cm
Length to detectors = 1172 cm

Beam quality = 1,76 « L.79

R R AR R A AT B R i T

Fresnel number = 2.6 - 7.9

Velocity = 15 « 46 cm/s §
Fog absorption coefficient (10.6 um) = 0.T4 - 4,26 x 103 em1 ;

Fog droplet radius, typical = 2,0 um < d
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TABLE ITI

PROPAGATION THROUG!H NONVOILATILE FOG

Foggy Atmosphere

Linear Problem: r=2x 10~4 em
Qext = 3-07 x 1071
C = 207 cm~3
Goxt (Eq. 4) = 8.0 x 10~6 cmrl
L=2x 0% cm

T S T T AT I AN B T S RO T B PO Ty I e
) . .

> I/1, (Eq. 2) = 0.20

Nonlinear Problem: r=2x 10" em
Qups = 2.54 x 1071
C = 207 cw3
agps (Ega. 10) = 6.6 x 1076 cm?
F = 8.3

200 cm/s

v

Lt bl TR L i Sl THS U L 2T o SR

2 x 10° cm

Z
P/va = T1.L4 W/cmeS
Np (Eq. 7) = 25.7

Clear Atmosphere
Linear Protlem: Gext ¥ Ggpe ¥ 2 X 10'6 cor-]
Y, = 2 x 107 cm
. I/Io {Eq. 2) = 0.67

PRI Sl U ISR N e OO AN

; Nor.lines “roblum: OGgpg & 2 X 10'6 em-1
i . F, u, v, z P as above
¥ Ny (Eq. 7) = 10.1
4
| 3
i
i

e T, (Eq. 6) = 0.135
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TABLE IV i
3
E PARAMETER VARIATIONS OF FIGS. 8-10 - §
: -7 oo~ o
3 Fixed: Np = 8.75 x 10 c |
= lO3 cm ’
[ n= 1.0 i;
-3 =3
p=1.18x1036m i
c =1.0J/g %¢ g
’ ;
4
/ a=1.45cm T
’ Fel.79
| ]
g i
i
, t
f Varied: ' 3
f i
i Power Velocity Initial Drop Radius Concentfg;.ion §
. m
! (kW) (cm/s) (ym) (cm E
F A —— l‘ ;l
¥
1.7 3.5 x 10
v 0.5 10

1.9 4.0 x Jf‘h

1.0 20
2.1 .5 x 10"

2.3 5.0 x 10"

2.0 30

e ot g

L.0 )

L
i - 50 2.5 5.5 x 10
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TABLE V

3!
3
3
i
]
i
§
K
1
4

AEROSOL GENERAIOR DFCISION PROCESS

Approximate Geometric
Standard Deviation"

\ of Population Type of Generator Comment

: < 1.05 Berglund vibrating crafice Too few per second

i 1.05 to 1.15 Spinning disc Too few per second and ;

primary droplets too

2 large

3

% £ ~ 1.2 Atomizer with impactor Droplets too small and

L % and evapcrative coantrol typically used with oil

E § rather than vater

2; -

3 % 1.4 to 1.8 Atomizer with impactor Droplets too small

1 ¢ ;

§ ; i

? . 1.8 to 2.0 Immersed ultrasonic transducer Too few per second |
1.5 to 3.0 Atomizer with acoustic field Adequate production

rate, size range and
operating pressures.

i T T WK, T T

Lt ket e

' *The geometric standard deviation is the radius of the 84.1 point to the radius
i ' of the 50 percent point on the cumulative distributions of the croplet
population. For example, if the geometric standerd deviation is 1.0 then

all droplets have the same size.
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TABLE VI l}
3
1
SPECTROPHONE COMPONFNTS i
;
Micrcphone Elect.unic Absclute Prespure }
"
Noise (Totel A-weightei) 30 6.3 x 1073 uB __ |
(squivalent 1 kHz) 6.5 x 1077 uB/ iz ,
1§
2 iy
pistortion (3% YHD) 120 2.2 x 10° B t
Response (Re 1V/ub for -0 & + 3 3.2 x 107" V/uB :
50.2 kdz)
Dynamic Range 90 v 3.2 » 10% :
Preamplifier (LM381AN) 3
Equivalent Input Noise -3 ' (‘3
: (total, 10-10 kHz) , 0.5 wV ‘ 1.6 x10 7 uB .
; (at 1 kHz) 5.5 nV/ Az s o
_' 0.35 pa/ vz 5.4 x 1077 uB//Mz ¥
1 at R = LT kQ -
3 Dynamic Range (measured) » 10“ i
Lock-In-Amplifier (Ithaco 391) i
Foise (Typical at 1 kHz) 5 nv//iz , 1
] 0.03 pA/vHz 1.6 2z 1077 wB/VHz
: at 50 Q
o
] Bandwidth (Selectable) 0.001~10C Hz f
E Averagiag tine 1.25 1S - 125 8 :
g Accuracy 1% %:4
o t
i- Chopper
[ Frequency ~ 500 Hz
] Stability 0.1%
lative to 2 x 10',‘ uB
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CODE PREDICTIONS WITH SATURABLE FOG ABSORBER
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2 CODE PREDICTIONS WITH SATURABLE FOG ABSORBER if
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FIG. B-10

CODE PREDICTIONS WITH SATURATED FOG ABSORBER

k]

EMPIRICAL MODEL WITH NONVOLATILE ABSORBER

t @  CODE WITH P VARIABLE: v = 33¢m /S, r = 2.1 jam, C = 4.65x10%cm =3 -
: O  CODE WITHy VARIABLE: P = 2.23 kW, r = 2.1 um, C = 4.56x10%cm =3 ‘
{ &  CODE WITH r VARIABLE: P = 2.23 xW,v = 33¢m /S, C = 4.56x10% cm-3 .o
D  CODE WITH C VARIABLE; P ~ 2.23 kW.y = 33¢m S, ¢ = 2.1 Mm |
100 T T T T .
b3
1 t
A ]
£ i
' 1
4 i
E ;
é
: . 3
£ .
'i Rl
' ©
g 4
{ 1
'E
b PREL  10~! - i
k .;
L - 3
; 3
F
¢
P
f g
£ — R
L]
) . 10—2 I 1 L L .:
5 0 1 2 3 4 b
3 X gxt b
707 17-08-274-9
e ———————




l T v T T e D e R T Erhr iy i AT ITY TRy ” ” PRI Y PURE W SRR

R77-922578-2 Fi.. B—11
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FIG. B-13
HIGH-POWER CROSS—-BEAM AMPLIFIER
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SPECTROPHONE ELECTRONICS 1
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i 4 MEASURED FOG INDUCED THERMAL DISTORTION
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HIGH POWER BEAM TRANSMISSION THROUGH FOG
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FOG INDUCED THERMAL DISTORTION WITH SPECTROPHONE CORRECTION
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